In this work, N-doped Multi-Walled Carbon Nanotubes (MWCNTs) and Few Graphene Layers (FGLs) have been functionalized with platinum nanoparticles using two methods starting with hexachloroplatinic acid as precursor: (i) ethylene glycol (EG) reduction and (ii) impregnation followed by reduction in hydrogen atmosphere. Morphological scanning transmission electron microscopy (STEM) analyses showed a homogenous dispersion of metal particles with narrow-size distribution onto both carbon supports (Pt/C loadings between 30 wt % and 40 wt %). Electrocatalytic properties of the as-synthetized catalysts toward the Oxygen Reduction Reaction (ORR) was evaluated in aqueous electrolyte using a three electrodes electrochemical cell by cyclic voltammetry (CV) in rotating disk electrode (RDE). It is shown that a mixture of Pt supported on MWCNT and FGLs allows to enhance both the electrochemical surface area and the activity of the catalyst layer. Ageing tests performed on that optimized active layer showed higher stability than conventional Pt/C.
Introduction
The development of energy storage and conversion technologies has been intensified in recent years. Today, Polymer Electrolyte Membrane Fuel Cells (PEMFC), which convert the energy of a fuel such as hydrogen into electricity and heat has been recognized as an environmentally friendly technology of choice for transport application because of its low operation temperature, high energy efficiency and high power density [1] .
The use of platinum based electrocatalysts is mandatory on both anode and cathode sides to significantly accelerate the electrochemical reactions which drive the PEMFC. The cathode especially where the oxygen reduction reaction (ORR) occurred request a non-negligible amount of Pt at the cathode (around 0.4 mg pt /cm 2 of electrode) which makes the technology dependent of that scarce metal [2] . A significant challenge for the commercial viability of PEMFCs resides is the decrease of Pt loading. For that, both the activity and stability of the used catalysts need to be enhanced [3, 4] . Different ways such as the nanostructuration of catalyst particles or stabilization of the support are proposed to tackle those issues [5, 6] .
Another way to reduce the Pt loading is to make most of the Pt atoms that are present active for the ORR. Therefore the active layer should be optimized to find the best trade-off between mass transport,
Results

STEM, UV and TGA Analyses
Scanning transmission electron microscopy (STEM) images showing the morphology of Pt NPs on the three carbon supports are presented in Figure 1 . The particle size distribution, obtained by a statistical study from 300 Pt NPs, for all samples is reported in Table 1 . For carbon nanotubes support (Figure 1a,b) , a large number of Pt NPs are distributed on tube walls quite uniformly and do not aggregate to form larger clusters, indicating a strong interaction between CNTs support and particles. This can be attributed to the use of N-doped MWCNTs as support. From these images it can also be noticed that the Pt NPs are on the outside of the multi walled carbon nanotubes. The average Pt particle size was calculated to be d TEM = 3.5 nm ( Table 1 ). Note that these values are in the range of particle size reported in the literature [28, 29] . Concerning the FGLs support (Figure 1c,d ), transparent and well-formed 2D planar sheets are observed [30] . This Pt/FGLs catalyst exhibits a wider distribution with particle sizes between 1 and 7.5 nm, with a mean size of 3.6 nm (Figure 1f ). These STEM studies concluded that Pt NPs are fairly uniform with the optimum particle size on the two carbon supports. These features are both desired for good catalyst performance and durability since it is well known that the activity of a catalyst depends considerably on the size of the Pt particles and their dispersion over the support [12, 31] .
The metal loading of the Pt/FGLs (31 wt %) and Pt/MWCNTs (37 wt %) determined by UV spectroscopy were close to the targeted value (40 wt %). The high Pt loading for MWCNTs support is mainly attributable to the high chemical attractiveness of N-doped MWCNTs, the presence of heteroatom making easier the NPs nucleation than on FGL [32] . Concerning the FGLs support (Figure 1c,d ), transparent and well-formed 2D planar sheets are observed [30] . This Pt/FGLs catalyst exhibits a wider distribution with particle sizes between 1 and 7.5 nm, with a mean size of 3.6 nm (Figure 1f ). These STEM studies concluded that Pt NPs are fairly uniform with the optimum particle size on the two carbon supports. These features are both desired for good catalyst performance and durability since it is well known that the activity of a catalyst depends considerably on the size of the Pt particles and their dispersion over the support [12, 31] .
The metal loading of the Pt/FGLs (31 wt %) and Pt/MWCNTs (37 wt %) determined by UV spectroscopy were close to the targeted value (40 wt %). The high Pt loading for MWCNTs support is mainly attributable to the high chemical attractiveness of N-doped MWCNTs, the presence of heteroatom making easier the NPs nucleation than on FGL [32] .
The thermogravimetric analysis (TGA) profiles measured in flowing air for all samples are shown in Figure 2 . The degradation temperatures for Pt/FGLs, Pt/MWCNTs and Pt/C were 620, 510 and 400 • C, respectively (Figure 2 full line) . This result suggests that the thermal stability or the resistance to oxidation of Pt/FGLs is higher than Pt/MWCNTs and Pt/C catalysts due to increasing ratio of graphitization. We can also note that the Pt NPs accelerate the support degradation, in fact it is know that platinum nanoparticles have catalytic effects on carbon decomposition. Moreover, this sample weight residual confirms the previous UV quantification. The thermogravimetric analysis (TGA) profiles measured in flowing air for all samples are shown in Figure 2 . The degradation temperatures for Pt/FGLs, Pt/MWCNTs and Pt/C were 620, 510 and 400 °C, respectively (Figure 2 full line) . This result suggests that the thermal stability or the resistance to oxidation of Pt/FGLs is higher than Pt/MWCNTs and Pt/C catalysts due to increasing ratio of graphitization. We can also note that the Pt NPs accelerate the support degradation, in fact it is know that platinum nanoparticles have catalytic effects on carbon decomposition. Moreover, this sample weight residual confirms the previous UV quantification. 
RDE
The electrochemical characteristics i.e., ECSA and ORR activity of synthesized catalysts evaluated using a rotating disk electrode in a 0.5M H2SO4 aqueous solution are shown in Figure 3 . The CV curves in the voltage range from 0.04 V to 1.2 V at a scan rate of 5 mVs-1 for the Pt/C, Pt/FGLs, Pt/MWCNTs and a mechanical mixture of these two catalysts with five different weight ratios, denoted as Pt/(FGLs + MWCNTs), are shown in Figure 3a . Figure 3b shows the calculated current density deduced from the polarization curves for ORR and the electrochemically active surface area (ECSA) of each catalyst and the comparison with Pt/C. The RDE voltamograms at a rotation rate of 900 rpm were used to evaluate and compare the ORR kinetic current densities at 0.9 V vs. RHE of all catalysts. 
The electrochemical characteristics i.e., ECSA and ORR activity of synthesized catalysts evaluated using a rotating disk electrode in a 0.5M H2SO4 aqueous solution are shown in Figure 3 . The CV curves in the voltage range from 0.04 V to 1.2 V at a scan rate of 5 mVs-1 for the Pt/C, Pt/FGLs, Pt/MWCNTs and a mechanical mixture of these two catalysts with five different weight ratios, denoted as Pt/(FGLs + MWCNTs), are shown in Figure 3a . Figure 3b shows the calculated current density deduced from the polarization curves for ORR and the electrochemically active surface area (ECSA) of each catalyst and the comparison with Pt/C. The RDE voltamograms at a rotation rate of 900 rpm were used to evaluate and compare the ORR kinetic current densities at 0.9 V vs. RHE of all catalysts. The CVs of all catalysts exhibit typical electro-adsorption/desorption of hydrogen at Pt sites. The response from the Pt(110) and Pt(100) surfaces for hydrogen adsorption and desorption is visible for these catalysts. The flat wave around 0.2 V in the hydrogen under-potential deposition (HUPD) is typical of small Pt NPs [33] . The ECSA, which is a measure of the number of electrochemically active sites per gram of the catalyst, is calculated from the mean value of the coulombic charge exchanged during the electro-desorption of hydrogen using 210 µ C/cm²Pt after correcting for the electric double layer contribution.
The different tested mixtures let appear a volcano graph with an optimum for the mixture 25:75 for which the highest calculated performances of 53 m²/gPt and 18 A/gPt are obtained, outperforming The CVs of all catalysts exhibit typical electro-adsorption/desorption of hydrogen at Pt sites. The response from the Pt(110) and Pt(100) surfaces for hydrogen adsorption and desorption is visible for these catalysts. The flat wave around 0.2 V in the hydrogen under-potential deposition (HUPD) is typical of small Pt NPs [33] . The ECSA, which is a measure of the number of electrochemically active sites per gram of the catalyst, is calculated from the mean value of the coulombic charge exchanged during the electro-desorption of hydrogen using 210 µC/cm 2 Pt after correcting for the electric double layer contribution.
The different tested mixtures let appear a volcano graph with an optimum for the mixture 25:75 for which the highest calculated performances of 53 m 2 /gPt and 18 A/gPt are obtained, outperforming thus the commercial Pt catalyst (47 m 2 /gPt and 14 A/gPt). It can also be noticed that this hybrid FGLs + MWCNTs material achieved largely higher performances than 100% of Pt/MWCNTs (32 m 2 /gPt and 13 A/gPt) or 100% of Pt/FGLs showing the lowest performances (19 m 2 /gPt and 12 A/gPt).
Ageing Test
We conducted ageing tests on this hybrid material using 3 different accelerated stressed tests based on (a) CV from 0.3 to 1.18 V Vs RHE with a scan rate of 20 mV·s −1 (b) CV from 0.6 to 1.0 V Vs RHE with a scan rate of 50 mV·s −1 and (c) CV from 1.0 to 1.5 V Vs RHE with a scan rate of 500 mV·s −1 in order to test support stability at high potential (from 1 to 1.5 V Vs RHE) and catalyst stability (AST from 0.6 to 1V vs RHE). The ECSA was regularly measured during the cycles of the AST and plotted in Figure 4 . The 3 tests showed higher ECSA stability for the composite (Pt/MWCNT-Pt/FLG). At the end of the first AST, 48% of the initial ECSA of the composite (Pt/MWCNT-Pt/FLG) is remained while the reference Pt/C retain only 30% of its ECSA showing thus a better tolerance toward degradation of our designed catalyst layer. Then AST design for catalyst dissolution (AST (b)) and support corrosion (AST (c)) showed a higher ECSA stability for our designed active layer. AST for catalyst dissolution allowed us to do more cycles (30k cycles) because of its less drastic conditions the the AST test for carbon support corrosion (5k cycles). The use of structured carbon as support might be less sensitive toward oxidation and thus avoiding particles coarsening while the N-doped NTC might stabilized the NPs. 
Discussion
As demonstrated by Gasteiger [34] , and assuming spherical particles, a theoretical value of active surface, denoted as STEM can be calculated from the following equations:
where d is the mean platinum particle radius diameter calculated thanks to the catalyst size distribution analysis from TEM images, d the diameter of each individual particles and ρ Pt equal to 21.45 g/cm 3 . For the mixture of 75:25 we also considered the same ratio for the whole distribution particle size to calculate the mean particle diameter of the mixture and the STEM. The Pt utilization percentage for each catalyst is deduced from the ratio (ECSA/STEM) × 100 and compared in Table 2 . From these results, it can be noticed that the value of Pt utilization obtained for Pt/C sample (50%) is lower when compared with literature. In particular Ferreira et al. [34] obtained for commercial Pt/C that roughly 70% of the apparent area of platinum particles is electrochemically active. We believe that this is probably due to the high loading of the RDE WE (100 µg Pt ·cm −2 ) used in our study. A thick layer of catalyst is deposited on the WE surface resulting in mass transport limitations.
From these results, it appears that the ECSA measured on CV represents only 29% and 40% for FGLs and MWCNTs catalysts respectively of the real surface area of the catalyst as determined by TEM. This can be due to the non-utilization of the contact surface between platinum and carbon in the electrochemical reaction, to the aggregation of crystallites or more probably to a bad accessibility of the H+ to the Pt NPs due to agglomeration of MWCNTs or FGLs by π-stacking which prevents a good contact between Pt NPs and electrolyte. For Pt/(FGLs + MWCNTs) it appears that the value is 76% which is about twice the ratio of FGLs and slightly higher compared with the Pt/C sample.
This result seems to suggest that the homogeneous mechanical mixing of high surface area 2D-FGLs and high conductive 1D-MWCNTs results in 3D hybrid composite, which exhibits very good electrochemical performances for ORR. In our opinion, it results first from the optimization of the active layer porosity. In particular, the addition of MWCNTs in an optimal ratio in the FGL matrix may disrupt the preferred horizontal stacking of graphene sheets and makes them randomly distributed in the catalytical layer. This configuration induces a porous network structure which then facilitate the simultaneous access between Pt NPs and reactant. The available triple-phase boundary is increased and the mass transport limitation reduced, as illustrated in Figure 4 . The second reason is the improvement of the active layer electrical conductivity by hybridization of these two carbon nanostructures. More precisely, MWCNTs act as conducting bridges between the FGLs while FGLs act as spacer between CNTs increasing thus the number of available catalyst particles for ORR. This conclusion comforts the trend reported in literature, showing that the reactant diffusion in graphene containing layer can be improved by using porous graphene [35] or composite [36] .
In conclusion, we synthesized a new catalyst for PEMFC based on the functionalization of graphene and N-doped CNT by Pt nanoparticles, an appropriate mixture of those these two catalysts (1D Pt/MWCNT and 2D Pt/GFLs) allowed us to design a 3D active layer based with comparable performance and better corrosion resistance properties and higher stability toward reference Pt/C.
Materials and Methods
Catalyst Preparation
Commercial FGLs and N-doped MWCNTs were provided by Angstron and Nanocyl societies, respectively. Pt catalysts supported on FGLs are prepared by ethylene glycol reduction [37] . 200 mg of FGLs in 180 mL of deionized (DI)-water (Milli-Q water 18.2 MΩ cm, Direct-Q 3, Millipore, Burlington, MA, USA) were sonicated for 15 min to obtain a homogenous dispersion. At the same time, 350 mg of H 2 PtCl 6 .6H 2 O (ref 520896-5G from Sigma-Aldrich, St. Louis, MO, USA, purity >99.9%) were solubilized in 20 mL of DI water. This solution was then added dropwise into the dispersion and sonicated for another 15 min. This mixture was added to 250 mL of EG (from Sigma-Aldrich, purity >99.5%) in a 500 mL flask. The reduction reaction was then performed at 110 • C for 12 h with constant stirring. The Pt NPs/FGLs catalysts were finally separated by vacuum filtration and washed several times with DI water and acetone. The resulting product was dried at 95 • C for 48 h. These sample is denoted as Pt/FGLs.
Pt catalysts based on N-doped MWCNTs are prepared by thermal treatment under reductive atmosphere [38] . Indeed, it is well known that since the pristine surface of CNTs is relatively inert, it is difficult to have a high dispersion of Pt NPs with controlled catalyst loading on the surface of support. It is believed that these surface functional groups act as metal-anchoring sites to facilitated metal nuclei formation and electrocatalyst deposition [30, 31] . Furthermore, the insertion of N atom in the graphitic structure of the MWCNT gives a C-N bond close to a carbo nitride structure which is known to be more tolerant towards corrosion than oxygenated carbon [32, 33] . In a typical synthesis, 600 mg of N-doped MWCNTs were dispersed in 500 mL of Di-water by ultrasonicated mixing for 1 h. At the same time, 1 g of H 2 PtCl 6 .6H 2 O was dissolved in 100 mL of DI-water. This solution was then added slowly to the catalyst solution and sonicated for 1 h. Impregnation step was carried out for 12 h under constant and magnetic stirring at room temperature. Finally, the powder is separated from the solvent with a vacuum rotary evaporator and grounded in an agate mortar. The resulting powder was heated in a tube furnace at 300 • C under H 2 /Ar (10:90) flow for 3 h. This sample is denoted as Pt/MWCNTs.
The targeted value of Pt loading for this two catalyst is 40 wt %. Mixtures of Pt on FGLs and Pt on MWCNTs were also prepared. This hybrid material, denoted as Pt/(FGLs + MWCNTs), was made by a mechanical mixture of these two catalysts with five different weight ratios of FGLs + MWCNTs: 20/80; 25/75; 30/70; 50/50; 75/25. In fact, after weighing the two powders at the desired ratio (Pt/FGL and Pt/MWCNT), the powders are quickly mixed mechanically in the same container and, after adding solvent, the ink is homogenized in an ultrasonic bath.
Electrochemical Methods
The electrochemical properties of the prepared samples were investigated by a conventional three-electrode system in 0.5 M H 2 SO 4 solution at room temperature. Working electrodes were prepared by mixing the catalyst with Nafion ® dispersion (type D-520 from Dupont Fluoroproducts, 5% Nafion ® dissolved in aliphatic alcohols), isopropanol and water. After homogenization in an ultrasonic bath or with an ultrasonic probe to avoid particles agglomeration, about 40 µL of this suspension was deposited onto a glassy carbon disk (area 0.2475 cm 2 ). After solvent evaporation under air at 80 • C, a thin layer of catalyst ink remained on the working electrode surface and the Pt loading on the RDE was calculated as 100 µg Pt ·cm −2 . The counter electrode was a Pt wire and a saturated mercury sulfate electrode (MSE) (Bioanalytical Systems Inc., RE-2C) was employed as a reference; all potentials are referred to the Reference Hydrogen Electrode (RHE) potential (i.e., +0.687 V versus MSE). Before each measurement the electrolyte solution was saturated by pure nitrogen for 30 min in order to expel oxygen. Three cyclic voltammograms (CV) were carried out at room temperature between 0.04 and 1.2 V vs. RHE at 20 mV·s −1 and 5 mV·s −1 . The electrochemical active area of Pt was determined from the integrated charge under the hydrogen adsorption peaks in the second cycle after correction of the capacitive effect attributed to the electrochemical double layer. The polarization curves of the ORR were carried out in H 2 SO 4 solution saturated with O 2 applying linear potential sweep from 0.04 V to 1.2 V at a rotating rate of 900 rpm and a scan rate of 5 mV·s −1 .
The catalyst has been aged under accelerated stress tests (AST) which has been described more precisely in the discussion part.
Electron Microscopy
Electron microscopy analyses were performed on a scanning electron microscope Hitachi 5500 operating in STEM mode using a voltage of 30 kV. For sample preparation, each catalyst powder was dispersed in ethanol using a low power sonication bath and a drop of the liquid solution was deposited on a lacey carbon TEM copper grid. The nanoparticle size histogram was built using a statistical analysis (300 NPs) by means of software ImageJ (National Institutes of Health, Bethesda, MD, USA).
UV Quantification
To quantify the actual amount of metal loaded on the carbon support, UV spectroscopy analysis measurements were carried out by using a Shimadzu 1800 UV spectrometer. The catalysts powder are initially heat treated in a ceramic oven at 600 • C for 15 h so that all the components other than Pt are oxidized and vented out of the furnace. The remaining Pt catalyst powder is chemically treated to convert it to the Pt 4+ ionic form, which is needed to perform the UV measurements. The treatment consists in the dilution of the Pt catalyst powder in a solution of 25 vol % HNO 3 and 75 vol % HCl (Aqua Regia). The solution is completely evaporated at 100 • C into a dedicated glass system. This step is repeated twice with concentrated HCl (12 M). The obtained dry catalyst is finally diluted in HCl (1 M) where the Pt 4+ ions are stable. The obtained solution is analyzed to determine the catalyst concentration. A calibration of the UV spectrometer was made before each measurement by using reference samples.
TGA
The thermogravimetric analysis of the samples was measured with a TGA 92-12 Setaram analyzer using a 10 • C·min −1 heating rate, until reaching 900 • C, under air flow (30 mL·min −1 ). Under these conditions, carbonaceous species are burnt off and only the metal-based particles remain at 900 • C. 
